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Strain is commonly used in metal-oxide-semiconductor technologies to boost on-state
performance. This booster has been in production for at least a decade. Despite this,
a systematic study of the impact of strain on off-state leakage current has been lack-
ing. In this work we use experimental data and ab-initio calculations to refine existing
models to account for the impact of strain on band-to-band tunnelling and trap-
assisted tunnelling in silicon. We observe that the strain may dramatically increase
the leakage current, depending on the type of tunnelling involved. For band-to-band
and trap-assisted tunnelling, low uniaxial strains of 0.1% (or 180 MPa) can increase
the leakage current by 60% and 10% compared to the unstrained case, respectively.
Using our models, we predict that compressive strain on the order of 1% (or 2 GPa)
can increase the leakage current by 150 times. Conversely, tensile strain may dimin-
ish or at most double the leakage current in all observed cases. Though detrimental
in conventional inversion-mode MOSFETs, these processes may be used to boost the
performance of Tunnel Field Effect Transistors, where on-state current is defined by
band-to-band tunnelling.
a)Electronic mail: philip.murphy@tyndall.ie
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I. INTRODUCTION
Leakage currents in metal-oxide-semiconductor (MOS) devices are undesirable as they
drain power supply resources in integrated circuits and systems. The International Technol-
ogy Roadmap for Semiconductors1 (ITRS) specifies leakage targets for current and future
generation MOS technologies, but it is not fully understood how difficult many of these tar-
gets will be to achieve, which physical mechanisms are most responsible, and what should be
done to alleviate the expected problems. Literature on diode leakage has been available for
many decades, however there are a number of aspects of modern MOS device processing and
design that necessitates an update on the study of reverse biased junction leakage. Strain is
considered mandatory for modern and future CMOS technologies, for on-state performance
enhancement.2,3 This is achieved by an improvement of carrier mobilities in the device chan-
nel. Tensile strain is preferred for n-channel Si devices for electron mobility improvement,
while compressive strain is better for p-channel Si devices. Strain can be introduced glob-
ally across the wafer, via epitaxial engineering of the substrate. Alternatively there are a
number of local strain technologies including capping layers, such as SiN, or heteroepitaxial
integration in the source and drain regions, such as SiGe in p-channel Si devices. However
all these strain enhancements have focused on the on-state drive current in the MOS device,
while relatively little study has been given to the impact of strain on the off-state. Off-state
leakage current can originate at the reverse biased drain junction. Physical mechanisms to
note here are band-to-band tunnelling (BBT), Shockley-Read-Hall (SRH) and trap-assisted
tunnelling (TAT).
In this work we measure the leakage current as a function of strain in several Si diode
samples, selected to isolate the contribution from the different tunnelling mechanisms. We
also wish to understand the leakage current under strain using available theory. It is our
intention to use as few fitting parameters as possible. To accomplish this, we use ab initio
electronic structure theory calculations to extract the electron-phonon coupling responsible
for BBT and the strain effects on the band structure (effective masses, band gaps, etc.) and
carrier populations. With the measured leakage currents and the ab initio model of BBT, we
extract a best estimate of the trap lifetimes and energies, and their response to strain. The
latter two are the only fitting parameters in our model, besides those related to avalanche
breakdown.
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We find that at stresses of up to 180 GPa the leakage current can be increased or reduced
by the order of 5-10%, and sometimes more at low voltages. Beyond the linear regime we
predict that compressive strain can have a dramatic deleterious effect on the leakage current,
leading to a 4 - 150 times increase for 1% uniaxial strain (∼ 2 GPa), due to large increases
in the BBT current. Interestingly, BBT is the mechanism that makes Tunnel Field Effect
Transistors (TFETs) possible.4 While an increase in BBT current is harmful to conventional
MOSFETs, it can enhance the performance of TFETs, and strain is already being explored
to this effect.5
II. EXPERIMENTAL METHODS
In a previous work,6,7 Si diodes were fabricated carefully with different doping concen-
trations in the substrate in order to isolate different leakage mechanisms, including BBT,
SRH and TAT. This enabled a closer evaluation of these reverse leakage mechanisms. In
summary the process flow consisted of standard processing to define the active area and
poly-buffered LOCOS isolation. A 5 nm screen oxide was deposited before the implants and
anneals. For the n+/p diodes high-concentration arsenic was implanted shallow and then
given a high thermal budget anneal of 1100 ◦C for 5 min to drive-in the dopant. Thereafter
the low-concentration doped region was formed by a boron implant. The rest of the flow
consisted of an 1100 ◦C 0 s spike anneal to activate the dopants, a clean step to remove the
screen oxide, and the deposition of a Ti/TiN contact layer. Finally a 650 nm layer of AlCu
metal was deposited and patterned. Current-voltage characteristics of the fabricated diodes
were measured using a HP4155 parameter analyzer. A thermochuck was used to investigate
temperature dependency. For each structure and split several die were measured. Most
of the measurements were done on square diodes, consisting of a rectangular active area
with a high area
perimeter
ratio. For completeness perimeter current was extracted by comparing
currents from meander structures with the same area but different isolation perimeters, and
this was subtracted from the total square diode current. In all square diodes the perimeter
component of the leakage current was several orders of magnitude lower than the area con-
tribution. For details on the temperature dependence of the leakage current and the doping
profile of the diodes we refer the reader to Refs. 6 and 7. The mechanical stresses were
applied using a four-point wafer bending system. Using this system, we studied the effects
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of both uniaxial tensile and compressive strain. Details of the mechanical stress equipment
can be found in Refs. 8 and 9.
III. REFINED MODEL ACCOUNTING FOR STRAIN
To account for the effects of strain on the leakage current, we modify the established
models by A. Schenk10 for BBT and G.A.M. Hurkx for SRH and TAT.11 The band structure
of Si under strain is calculated using the 30-band k.p model of Rideau et al.12 The electron-
phonon coupling necessary for the BBT is calculated using Density Functional Perturbation
Theory, available in the code Abinit,13,14 as in Refs. 15–17. The total current density may
be modelled by11
jd =
(
jbbtφ(0) + e
∫ xn
−xp Rtrap(x)φ(x)
)
+ ji (1 + φ(xn)) /2
1− ∫ xn−xp αn(x)φ(x)dx (1)
where φ(x) is defined in Ref. 11 as
φ(x) = e
− 1
2
∫ xn
−xp αn(x
′)dx′
, (2)
with the ionisation coefficient
αn(x) = αn∞e
− bn|F (x)| , (3)
where F (x) is the electric field and αn∞ and bn are fitting parameters related to avalanche
breakdown.
The ideal diode current density ji is given by
ji = js
(
eeV/kT − 1) , (4)
where js = en
2
i
(
1/Na
√
Dn/τn + 1/Na
√
Dp/τp
)
is the saturation current density, assuming
a step doping profile, and e is the electron charge, ni the intrinsic carrier concentration, Na
and Nd are the acceptor and donor densities, Dn and Dp the diffusion charge coefficients,
and τn and τp are the electron and hole lifetimes. At the carrier concentrations considered
in this work, the contribution of ji to the total current is negligible.
The trap assisted tunnelling rate Rtrap is given by Eq. 6 of Ref. 18,
Rtrap(x) =
n(x)p(x)− n2i
τ
[
n(x)+nie
(E(x))/kT
1+Γp(x)
+ p(x)+nie
(−E(x))/kT
1+Γn(x)
] , (5)
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where E(x) = ET − Ei(x), ET and Ei are the average trap and intrinsic Fermi energies,
respectively. Rtrap becomes the SRH tunneling rate when the field effect function
18 Γ  1
at low electric field.
In contrast to Ref. 18, we consider the six conduction and three valence band valleys
independently. Therefore we redefine the field effect functions
Γn =
∑
c
rcΓ
′
n,c, (6)
Γp =
∑
v
rvΓ
′
p,v, (7)
where the sums are over the conduction bands at the six valleys at the ∆ points in the
Brillouin zone, 83% along the Γ − X line (index c = ∆±x, ∆±y, ∆±z) and three valence
bands: heavy holes (HH), light holes (LH) and split-off band (SO) (index v = HH, LH,
SO), ri are the fractional occupation of each band, and Γ
′
n,c and Γ
′
p,v are as defined in Eq.
7 of Ref. 18, but for each band:
Γ′n,c =
∆En,c
kT
∫ 1
0
exp
(
∆En,c
kT
u−Kn,cu3/2
)
du (8)
Kn,c =
4
3
√
2m
‖
n,c∆E3n,c
e~ |F | (9)
and analogously for Γ′p,v. The effective mass m
‖
n,c corresponds to that in the transport
direction for an electron in conduction band c, the ∆En,c and ∆Ep,v are given by Eqs. (9a)
and (9b) of Ref. 18,
∆En,c =
Ec(x)− Ecn, ET (x) ≤ Ecn,Ec(x)− ET (x), ET (x) > Ecn (10)
and
∆Ep,v =
Evp − Ev(x), ET (x) > Evp,ET (x)− Ev(x), ET (x) ≤ Evp. (11)
Ec(v)(x) = Ec0(v0) − ψ(x) is the local conduction band minimum (valence band maximum),
and is given by the band structure at zero field and the local electrostatic potential, ψ(x)
defined below. Ecn = Ec(xn) and Evp = Ev(−xp) are the conduction and valence band edges
at the n and p sides, respectively. xn,p are the positions of the n and p sides, defined below.
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FIG. 1. Theoretical (a) relative occupation of the conduction and (d) valence band valleys vs.
strain for doping densities 1.9x1018 cm−3 (black) and 2.15x1020 cm−3 (red). The labels ∆x, y and
z refer to the ∆ valleys along the three cartesian axes. The labels hh, lh and so refer to the heavy
hole, light hole and split off valence bands of Si, respectively. (b) Conductivity mass vs. stress
of the topmost valence bands in the x direction. (c) Intrinsic energy gap vs. stress between the
conduction band valleys (x, y and z valleys at ∆ represented by black, red and blue, respectively)
and the topmost valence bands (top: solid, second top: dashed, SO band: dot-dashed). (e) Density
of states mass vs. strain of the three topmost valence bands. (f) Intrinsic carrier concentration vs.
stress.
The coefficients rv and rc are new to the model, and give the proportional occupation
of each of the valence (v) and conduction (c) bands, and depend on the amount of strain
(see Figs. 1(a) and 1(d) for the strain dependence of rc and rv). All parameters have been
calculated as strain-dependent.
Based on the model by Schenk,10 the BBT current is given by
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FIG. 2. Theoretical electron-phonon channels considered in BBT, shown on the electronic band
structure of Si.
jbbt =
12pie2
~5
∑
i,c,v
rcrv ×
×
(∣∣V ec,i∣∣2 ∣∣∣∣ pc,v(Γ)Edgc,v(Γ)
∣∣∣∣2 + ∣∣V pv,i∣∣2 ∣∣∣∣ pc,v(∆)Edgc,v(∆)
∣∣∣∣2
)
×
×
√
m2tmlm
3/2
DOS,v
m2e
Fm[
(
Eigc,v − ~ωi
)
NiH(x
−
i,c,v) +
+
(
Eigc,v + ~ωi
)
(Ni + 1)H(x
+
i,c,v)]×
× (fv(Γ)− fc(∆)) , (12)
H(x) =
Ai(x)
x2
+
Ai′(x)
x
+ Ai1(x), (13)
x±i,c,v = 2
2/3
(
Eigc,v ± ~ωi
)( 2µc,v
e2~2F 2m
)1/3
, (14)
where Ai(x), Ai(x) and Ai1(x) are Airy functions, ± corresponds to emission (+) and ab-
sorption (−) of a phonon, V ec,i and V pv,i are the electron- and hole-phonon scattering potentials
between states at Γ and ∆, at the conduction and valence band, respectively, pc,v(Γ or ∆)
are the optical valence-conduction coupling constants at Γ and ∆. The terms involving
V
e/p
c,i and pc,v(Γ or ∆) involve the two processes shown in Fig. 2 between the valence and
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conduction bands via the dipole and electron-phonon matrix elements. It is analogous to
the the process of indirect photon absorption, where the electric field coupling is given by
that of the photon, rather than the field across the junction.
The masses mt, ml and mDOS,v correspond to the transverse and longitudinal masses at
the conduction band at ∆, and the density-of-states (DOS) mass of the valence band at Γ.
E
ig(dg)
c,v is the indirect (direct) band-gap between the conduction band c and valence band
v (see Fig. 2), ωi is the frequency of phonon mode i involved in the transition, Ni is the
number of phonons in mode i, given by the Bose-Einstein distribution, and fn(m) is the
electronic distribution of band n at the m k-point (Γ or ∆). The reduced mass µc,v is given
by the conductivity masses in the direction of the current
1
µc,v
=
1
m
‖
v
+
1
m
‖
c
, (15)
where m
‖
c depends on the conduction band valley, and is given by m
‖
cx = m
‖
cy = 0.19me and
m
‖
cz = 0.95me, and m
‖
v is given below in Eqs. 22 and 23.
For simplicity, we calculate the maximum electric field Fm, and the depletion width W
in terms of the applied voltage by assuming a step doping profile. We have also performed
the calculations with the potential given by the doping profile measured in Refs. 6 and 7,
but found little difference. The step doping profile is given by the potential,
ψ(x) =

eNa
2k0
(x+ xp)
2 , x < −xp
Vd − V − eNd2k0 (x− xn)
2 , −xp ≤ x ≤ xn
Vd − V, x > xn
(16)
that results in an electric field,
F (x) =
Fm
(
1− |x|
xp
)
, x < 0
Fm
(
1− |x|
xn
)
, x ≥ 0
(17)
where the coordinates for the pure n and p sides are given by
xn,p =
√
2Na,dk0Vd (1− V/Vd)
eNd,a (Nd +Na)
. (18)
The maximum electric field is
Fm = 2
Vd
W
(
1− V
Vd
) 1
2
, (19)
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with the junction width given by
W =
√
(2k0/e)
(
1
Nd
+
1
Na
)
(Vd − V ), (20)
and the junction voltage Vd given by
Vd = EFn − EFp, (21)
where EFn and EFp are the quasi Fermi energies in the n and p sides respectively. The DOS
and conductivity masses at the valence band are parametrized from the total band structure
as an average in the occupation of holes:19
m
3/2
DOS,v =
pi2~3√
2 (kT )3/2
nv∫ √
x
1+ex−(Ev−EF )/kT
dx
, (22)
and
m‖v =
(∫
1
mv(k)
(1− fv(k))dk
)−1
(23)
respectively, with Ev the energy of valence band v, and EF the Fermi level. See Figs. 1(b)
and 1(e) for the stress dependence of the current and DOS masses, respectively.
All parameters in the BBT current density are determined ab initio. The inter-valley
electron-phonon coupling is given by the inter-valley deformation potentials as∣∣∣V e/pc/v,i∣∣∣2 = D2c/v ~2ρωi , (24)
where Dc/v is the inter-valley deformation potential for a phonon linking the Γ and ∆ at the
conduction/valence band, ρ is the atomic density and ωi is the frequency of phonon with
polarisation i. The calculated deformation potentials and frequencies are listed in Table II.
The dipole matrix elements between valence and conduction band are determined from the
k.p model hamiltonian Hk as pc,v = 〈φc| 5kHk |φv〉. The dipole matrix elements and direct
band gaps vs. stress at the Γ k-point are shown in Fig. 3 (a) and (b), respectively. The
dipole matrix elements at the ∆ k-point are stress independent with values for |p∆c,v1| =
|p∆c,v2| = 0.57 and |p∆c,so| = 0, in atomic units. The direct band gaps vs. stress at the ∆
k-point are shown in Fig. 3 (c).
IV. FITTED QUANTITIES
In Eq. 12, the only free parameter affecting the BBT current is the doping concentration.
Therefore, we determine the effective densities of acceptor impurities Na for samples AB1
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FIG. 3. Theoretical (a) dipole matrix element, (b) direct band gap at Γ and (c) direct band gap at
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solid, dashed and dot-dashed) and the three topmost valence bands (top: black, second top: red,
SO split off band: blue). The direct band gap Edgc,so(∆) 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and AB3 at zero strain by the BBT dominated current at high |V |. In AB5 we determine
Na together with the trap lifetime τ and trap energy ET . The effective impurity densities
Na for all samples are shown in Table I. All agree within a factor of 2 with the maximum
experimentally determined doping densities at the junction6 of 6.1 × 1018, 1.9 × 1018 and
1 × 1017 for AB1, AB3 and AB5 respectively. Figure 4 shows the measured and modelled
current densities at zero strain for the samples considered.
Many of the parameters involved in TAT are very hard to calculate, as the number,
energy and lifetimes of the traps are unknown. We have therefore fitted the lifetime τ and
the trap energies ET to our experiments. From Eq. 5 we can see that τ is a scaling factor
at all voltages. The effect of ET is more complicated, in that it changes the slope of the
current vs. voltage. Therefore, ET has a large effect on the response to strain, affecting the
sign of the slope of the current vs. strain.
We considered trap lifetime τ and trap energy ET to be strain dependent and voltage
independent. The best fit to the measured current vs. stress is given by a cubic dependence
on stress. The resulting fits for τ and ET vs. stress are shown in Figs. 5 and 6, respectively.
The values for τ and ET are meant to reflect the effective values for an unknown variety of
11
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FIG. 5. Fitted trap lifetime τ vs strain for samples (a) AB1, (b) AB3 and (c) AB5. The fitted
values depend on whether the trap energy ET is strain dependent (red) or not (black). The currents
corresponding to these values are shown in Figs. 9 and 10.
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TABLE I. Fitted parameters used in Eqs. 1 and 3.
AB1 AB3 AB5
Na
[
1017cm−3
]
35.63 14.82 2.5
an∞ [m−1] 1 1.824× 107 6.9× 106
bn [V/m] 1 3.0× 105 1
trap states. We believe that the cubic dependence at higher stresses is unlikely, and rather
expect a saturation or at least a linear behaviour. We therefore consider three further
limiting cases for the stress effect on the trap assisted current: both or either τ and ET
constant with stress. The resulting values considering these cases for the fitted τ and ET
with stress are shown in Figs. 5 and 6.
The electron-phonon process responsible for BBT is related to that causing indirect pho-
ton absorption and emission in Si. This has been explored from first principles in a previous
work,20 however the deformation potentials have not been published, and hence we present
ours here in Table II. Vandenberghe and Fischetti21 have also studied BBT using ab ini-
tio calculated the electron-phonon coupling parameters. However, they considered a direct
valence-to-conduction electron-phonon route, rather than one mediated by the electric field,
as in the analysis by A. Schenk10 (see Figure 2). The direct valence-to-conduction electron-
phonon route would only be valid for overlapping valence and conduction band energies to
within the phonon energy. The coupling resulting from the latter channel would be indepen-
dent of the electric field, except indirectly through the change in the valence and conduction
band energies. We believe this channel would have a very small contribution at the electric
fields considered in this work, and is therefore neglected. We present the calculation of the
current densities with parameters calculated entirely ab initio, and find good agreement to
our measured currents in BBT dominant samples at zero strain (see Fig. 4).
V. DISCUSSION
We measured and calculated the reverse bias current percent-change along the (001)
direction as a function of uniaxial stress in the (100) direction in all the samples. Figure
7 shows these for samples AB1, AB3 and AB5, respectively. For such small stresses, the
14
TABLE II. Calculated electron-phonon deformation potentials and phonon energies for the
phonons involved in BBT.
Phonon ~ω [meV] Dc[eV/A˚] Dv [eV/A˚]
2TA 17 0.15 0.28
LA 42 4.6 4.9
LO 57 0 7.2
2TO 57 5.4 2.7
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FIG. 7. Experimental (joined points) and modelled (solid) current density change (in percent) vs
reverse bias voltage for samples (a) AB1, (b) AB3 and (c) AB5 at 6 different stresses (-180, -120,
-60, 60, 120, 180) MPa represented as (purple, blue, green, red, orange and magenta).
change in current density effected by the strain is quite large, up several percent for strains
of up to 0.13% (see also results for BA2 in Ref. 22). At voltages −0.5 < V < 0 the measured
change of the current with stress can be of several 10s of percent (not shown). From Eqns.
5 and 12 we expect the behaviour of TAT and BBT currents to be very different under
applied strain. From our model, samples AB1 and AB3 are dominated by TAT between 0
and -1.5V, and BBT thereafter (see Figure 4). The crossover from TAT to BBT at -1.5 V
can also be clearly seen in the strain response shown in Fig. 7.
Our model reproduces the current vs. voltage behaviour very well, but overestimates
the response to strain. This may be due to several reasons, such as reduced transfer of
stress into the sample, or the effect of very high doping on the strain response of the band
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AB5 at 6 different stresses (-180, -120, -60, 60, 120, 180) MPa represented as (purple, blue, green,
red, orange and magenta).
gaps. In our calculations, we did not include any effects of the doping on the band gaps
and effective masses. The BBT is exponentially sensitive to variations in the indirect band
gap, and doping may be reducing its change with strain. This effect is clearly seen in Fig.
8, which shows the effects of neglecting the strain dependence of the indirect band gap Eig
on the current response to stress in eq. 12. A stress independent Eig, while keeping all
other stress dependencies, produces excellent agreement to experiment. This suggests that
the overlap of the decaying electron and hole wavefunctions at each side of the junction is
not changing with stress as fast as in the model. We expect, however, that the sensitivity of
Eig to strain to increase at higher strains, as the higher energy separation between valleys
cannot be compensated by the doping charge. Measurements at higher strains and further
study into the effects of doping on the band gap in the presence of strain are required to
answer these questions.
Nowadays, strain of the order of 1% is commonly used to increase the mobility of transistor
channels. We explore the effects of such strains (∼ 2GPa in Si) on the leakage current, shown
in Figs. 9 and 10 at voltages of -1V and -3V, respectively. Strain affects BBT and TAT
differently, as seen in Figure 9. In this work, we calculate BBT entirely from first principles.
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We get excellent agreement between theory and experiment for the current density at zero
strain. However, at stresses up to 180 MPa our theoretical model overestimates the response
to strain compared to our experiment. This may be due to a variety of reasons, as explained
earlier in the text. We find that the best quantitative agreement with experiment that retains
the same linear behaviour of current vs stress is given by neglecting the stress dependence
of the indirect gap Eig in eq. 12 (see Fig. 8). However, as explained earlier, we don’t
expect Eig to remain independent at stresses higher than 180 MPa. In our prediction of the
BBT leakage current we consider both limiting factors: (i) complete stress dependence of all
parameters and (ii) stress independence of Eig. These two cases are shown in Figs. 9 and
10 as the red solid and dashed lines respectively. We observe that, except at small strains,
the stress dependence of the current via the indirect gap is very strong. We must remark
that the agreement of the model with experiments at low strains does not imply the stress
dependence via Eig is negligible at higher strains. This stress dependence is very strong,
and while it may be masked at lower strains by other factors, it should dominate at higher
strains.
Notably, the full stress dependent BBT is most sensitive to compressive stress. Under
enough compressive stress, BBT can become dominant over the other tunnelling mechanisms.
Worryingly, the leakage current can increase by 4 to 80 times in TAT and BBT dominant
devices under compressive stress at at V = −1V, and up to 20-150 times at higher voltages,
where the current is dominated by BBT. Conversely, tensile stress affects the leakage to a
lesser degree, and may reduce it at low stresses in purely BBT transport.
At this stage it is hard to predict the effect of strain on TAT. However, we can study
the range of possible values under different regimes of extrapolation of the two unknown
variables ET and τ . These cases are shown in Figs. 9 and 10. We explore the cases in
which there is stress dependence in: (i) neither ET or τ (black dashed line), (ii) only ET
(solid black), (iii) only τ (black dot-dashed) and (iv) both ET and τ (gray). Since both
ET and τ are fitted by a cubic function of stress (see Figs. 6 and 5), this extrapolation
to 2 GPa becomes very unrealistic. It may serve however as a limiting case. We expect
the values of ET and τ to saturate at some point. Considering this, case (i) might give a
reasonable expectation of the TAT current density at high stress. In general, we can expect
TAT dominant leakage to increase less than 20 times under 2 GPa stress.
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FIG. 9. Contributions from the currents of samples (a) AB1, (b) AB3 and (c) AB5 due to BBT
(red) and Trap (black and grey) vs applied stress at a reverse bias voltage of −1 V. The current
represented by the dashed BBT curve neglects the strain contribution to the indirect gap Eig. The
solid BBT curve includes the full strain dependence. The Trap assisted currents are calculated
with full strain dependence of ET and τ (grey), only ET (solid), only τ (dot-dashed) and strain
independent ET and τ (dashed) (see Figs. 5 and 6 for the strain dependence of τ and ET ). The
blue points correspond to the experimentally measured current density.
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FIG. 10. Contributions from the currents of samples (a) AB1, (b) AB3 and (c) AB5 due to BBT
(red) and Trap (black) vs applied stress at a reverse bias voltage of −3 V. The current represented
by the dashed BBT curve neglects the strain contribution to the indirect gap Eig and to the
effective mass in the transport direction. The solid BBT curve includes the full strain dependence.
The Trap assisted currents are calculated with full strain dependence of ET and τ (grey), only
ET (solid), only τ (dot-dashed) and strain independent ET and τ (dashed) (see Figs. 5 and 6 for
the strain dependence of τ and ET ). The blue points correspond to the experimentally measured
current density.
19
VI. CONCLUSION
We combined experiment and theory to determine the effects of strain on the components
of the tunnelling current in silicon diodes in reverse bias. We focused on diodes at three
specific doping concentrations in which the current is dominated by either band-to-band
tunnelling or trap-assisted tunnelling. The reverse bias current in the three diodes was
measured at (100) uniaxial stress in the range of ±180 MPa. At the same time, we refined
existing models of the band-to-band and trap-assisted tunnelling to account for the effects
of strain. Whenever possible, we endeavoured to keep the models free from experimental
parameters. This was possible entirely in the modelling of band-to-band tunnelling, where
the electronic band structure and electron-phonon coupling parameters required for the
calculation of the current have been calculated using first principles electronic structure
methods.
The parameter-free description of trap-assisted tunnelling is possible to a degree. The
details of the band structure and its response to strain can be treated in this way. However,
the trap lifetimes and energies and their response to strain are not known. We attempted
to gain an understanding of this response, albeit crude, by fitting effective trap energies
and lifetimes to our measurements vs. voltage and strain. The effective trap lifetimes and
energies were the only fitting parameter in this otherwise parameter free model.
The agreement between the model and experiment of the trap-assisted current is very
good, in part due to the lifetimes and energies being fitted. The agreement is worse for
the highly doped sample AB1, where other effects may be taking place at low voltages.
The crossover from trap-assisted to band-to-band tunnelling with increasing voltage is well
captured by the model, especially in AB3.
The agreement of the band-to-band component of the current with strain is less satisfac-
tory. Our model predicts a response of the current with strain that is 5 times larger than
the one measured. Having no parameters to fit, the model relies on the samples behaving
as pure Si, and the strain being perfectly transferred across the sample. To understand
the cause of the discrepancy, we modelled the band-to-band tunnelling current removing
the strain dependency of each parameter in Eq. 12 separately. We found the only effect
consistent with measurement to be the lack of a strain dependence of the band gap. This
may be due to the large doping concentration and small strains considered, and warrants
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further study using higher strains and a model explicitly considering dopant states.
We used our theoretical model to venture a prediction of the tunnelling current at higher
uniaxial stresses of up to 2 GPa, as typically found in stress enhanced transistor channels.
These stresses are beyond the range of validity of our fit of the effective trap lifetimes and
energies. However, we considered four likely limiting scenarios of the behaviour of these
trap variables based on the small strain fit: extrapolation of the strain dependence of both,
either or neither the trap energies and lifetimes.
Also, while our band-to-band model is parameter-free and is in excellent agreement with
our measurements at zero strain, the low strain measurements that hint at a strain inde-
pendent band gap may be indicating there are effects not considered in the model. If these
effects are due to the high doping charge, it may saturate at a certain stress, beyond which
there is a strain dependence of the gap. We therefore considered the limiting cases of both a
strain-independent and strain-dependent energy gap in the band-to-band tunnelling current.
We predict that strain can have a very large effect on the leakage current, especially
in band-to-band dominated samples. At low voltages compressive strain can switch a trap-
assisted-tunnelling to a band-to-band dominated current. If, however, the strain dependence
of the band gap is small or absent as suggested by the measurements at small strain, band-
to-band tunnelling may be largely insensitive to strain.
Trap-assisted-tunnelling is less sensitive to strain than band-to-band tunnelling, provided
we include the strain dependence of the band gap. The trap-assisted leakage current increase
due to strain is very sensitive to the limiting case for the trap energies and lifetimes consid-
ered. The most extreme case is that considering the trap lifetimes and energies independent
of strain in the trap dominated sample AB5. In this case, the current increases by about 20
times with a compressive stress of 2 GPa. The other liming cases produce a lower increase,
or in the case of only strain dependent energies, a severe decrease of the leakage current.
We expect the case of strain independent effective trap energies and lifetimes, and strain
dependent lifetimes to be the closest to reality, for the following reasons. Generally, there
are multiple trap states that have different energies and lifetimes. Our model simplifies the
effect of all these traps into that of one, effective trap state. At high strains the shift in the
average energy of multiple trap states is likely to be less than an effective state, as states
that move out of the tunnelling window of energies are replaced by those entering it from
the opposite extreme. The lifetimes are more likely to change if the stress environment is
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similar for all traps present.
Band-to-band and trap-assisted tunnelling differ in their response to strain in another
important way: doping strongly affects the functional response of trap-assisted-tunnelling,
while it only changes the scale of band-to-band tunnelling. Electric field strength only affects
the scale of both tunnelling mechanisms.
In this work we provided a first step to understand the effects of strain on the leakage
current of trap and band-to-band tunnelling dominated pn junctions. Our parameter-free
band-to-band model reproduces the current-voltage characteristics of our measurements, but
overestimates the response to strain. We believe that the high doping is affecting the band
gap response to strain. To settle this question, measurements at higher strains, different
strain configurations and a more comprehensive model are required.
We also determined that trap energies and lifetimes are affected by strain. However, the
nature of this dependence is not yet clear. This question should be addressed by an atomistic
study of the response to strain of known trap states.
Finally, the tunnelling processes studied in this work are the same driving the current in
TFET devices. The results of this work regarding the interplay of strain, voltage, doping and
the transition from trap- to band-to-band assisted tunnelling should be useful in the design
of TFETs with improved sub-threshold slopes.
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